Introduction {#sec1}
============

It is well documented that there is a close relationship between the disorganisation of the intervertebral disc and the changes seen in the trabecular bone architecture of the adjoining vertebral bodies [@bib1], [@bib2]. With ageing, intervertebral discs tend to show progressive degenerative changes, which make them more fibrous and less able to evenly distribute compressive stress [@bib3]. The trabecular bone adjacent to the vertebral endplates could then adapt to the altered force distribution in accordance with Wolff\'s law, resulting in the variations observed in bone architecture [@bib4], [@bib5]. The vertebra-disc interaction can be viewed as a remodelling process in an attempt of the spinal segment to adapt to an altered biomechanical environment [@bib6].

The relationship between disc degeneration and a higher vertebral fracture risk has been previously reported [@bib7], [@bib8], [@bib9]. However, the relationship between disc degeneration and vertebral trabecular inhomogeneity is still controversial [@bib7], [@bib10], [@bib11], [@bib12]. Although severe disc degeneration has been reported to transfer compressive load-bearing to the neural arch and reduce the trabecular architecture anteriorly [@bib13], other authors showed that disc degeneration tended to be associated with greater trabecular bone volume fraction in the vertebral anterior region [@bib10]. The problems underlying these inconsistent findings may lie in the complex relationships between age, disc degeneration and mechanical environment.

Therefore, the goal of this study was to develop an animal model in which the mechanical environment was controlled to investigate the single relationship between disc degeneration and regional trabecular morphologic changes. We hypothesised that disc degeneration could promote regional inhomogeneity in the vertebral trabecular morphology.

Materials and methods {#sec2}
=====================

Ethics statement {#sec2.1}
----------------

In this research, ethical approval was obtained from the animal experiment ethics committee of the investigator\'s institution (protocol number: 20160105-010). Both the Guide for the Care and Use of Laboratory Animal (1996) [@bib14] and the ARRIVE (Animals in Research: Reporting In Vivo Experiments) guidelines [@bib15] were followed.

Experimental samples {#sec2.2}
--------------------

Thirty 12-week-old male Sprague--Dawley rats, weighing between 430 and 490 g, were used in this experiment and randomly assigned to one of the five following groups. In Group 1, rats were used for an assessment of disc degeneration induced by needle puncture (Co8-9 and Co9-10, *n* = 6). Group 2 served as a sham group (*n* = 6). In Group 3, rats were instrumented with an external device that bent the spine between the eighth and the tenth coccygeal vertebrae (*n* = 6). In Group 4, rats were instrumented with a compressive load of 4.5 N (*n* = 6). In Group 5, rats were instrumented with a compressive load of 4.5 N after undergoing disc degeneration of Co8-9 and Co9-10 induced by needle puncture (*n* = 6).

Surgical procedure {#sec3}
==================

Needle puncture disc degeneration {#sec3.1}
---------------------------------

Rats assigned to Groups 1 and 5 were anaesthetised with intraperitoneal injection of 1% pentobarbital sodium (40 mg/kg). The rat tails were cleaned with 70% ethanol, the vertebrae were palpated and the skin area corresponding to the intervertebral disc spaces between the eighth and the tenth coccygeal vertebrae was marked. An 18-gauge needle was inserted in the coronal plane at the levels of the annulus fibrosus of Co8-9 (proximal) and Co9-10 (distal), crossing the nucleus pulposus up to the contralateral annulus fibrosus ([Figure 1](#fig1){ref-type="fig"}A--B).Figure 1(A) Disc location of rat tail under X-ray fluoroscopy; (B) needle puncturing in the coronal plane at the Co8-9 and Co9-10 levels; (C) Two K-wires were fixed at a 40° angle on the concave side of the bending of the tail; (D) A tension spring with 4.5-N loading was placed on the convex side of the bending of the tail; (E) The trabecular bone structures in the proximal and distal ends of the ninth coccygeal vertebral body were analysed; (F) the global region of interest for assessing the trabecular bone structure; (G) The convex region of interest for assessing the trabecular bone structure; (H) the concave region of interest for assessing the trabecular bone structure.Figure 1

Load application {#sec3.2}
----------------

Seven days after the needle puncture, rats assigned to Groups 3--5 were anaesthetised. Rat tails were cleaned again and then instrumented with an external device. Two K-wires (length: 50 mm; diameter: 1.2 mm) were inserted percutaneously into the vertebrae adjacent to the Co8-9 and Co9-10 discs. Two wires were fixed at a 40° angle on the concave side of the bending of the tail. Tension springs were placed 25 mm away from the axis centre of the tail with a 4.5-N loading. A plastic plate was used to prevent vertebrae torsion on the dorsum of the tail ([Figure 1](#fig1){ref-type="fig"}C--D).

Measurement of disc degeneration {#sec4}
================================

Magnetic resonance imaging {#sec4.1}
--------------------------

Magnetic resonance imaging (MRI) was performed on Group 1 7 days after needle puncture and on Groups 2--5 14 days after loading, using a 1.5-T system (General Electric Company, Chicago, USA). Imaging sequences included spin-echo T2-weighted images (repletion time: 3000 ms; echo time: 80 ms; field of view: 200 mm × 200 mm; slice thickness: 1.4 mm) in the coronal plane. Disc images were classified into five grades using the Pfirrmann classification by four blinded researchers [@bib16].

Histological analysis {#sec4.2}
---------------------

After the completion of MRI scanning, Group 1 rats were euthanised by an overdose of an anaesthetic. The target discs Co8-9 and Co9-10 and adjacent discs Co7-8 and Co10-11 were dissected from the skin and soft tissues. Discs were fixed in a 10% buffered formalin solution for 24 h and decalcified in 10% ethylenediaminetetraacetic acid for 30 days, then paraffin-embedded and finally sectioned with a 5-μm thickness. The sections were stained with hematoxylin/eosin, safranin O/Fast green and Mallory stain for histological score. Images were obtained using the Axio Imager (Carl Zeiss, Jena, Germany). Four blinded researchers graded the sections using the Norcross classification \[10 (nondegenerated) to 2 (severely degenerated)\] [@bib17].

Measurement of trabecular morphology {#sec5}
====================================

After 14 days of loading, the ninth coccygeal vertebrae of rats assigned to Groups 2--5 were scanned using Micro-computed tomography (SkyScan 1176; Bruker-microCT, Kontich, Belgium). The scanning conditions remained identical for all the tests (18 μm, 65 kV, 380 μA, 1-mm Al filter, 600-ms exposure). The regions of interest (diameter: 2.2 mm) were strictly placed in the proximal and distal trabecular bone structure of the ninth coccygeal vertebral body. Both the proximal and distal regions were further divided into a convex region and a concave region (diameter: 1.1 mm) ([Figure 1](#fig1){ref-type="fig"}E--H). Image segmentation into a bone and bone marrow phase was obtained by applying a fixed threshold for all samples. The following three-dimensional indices describing the trabecular bone morphology were assessed: bone volume fraction (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th) and trabecular separation (Tb.Sp). The regional trabecular morphologic changes between different groups were compared.

Statistical analysis {#sec6}
====================

Data are expressed as mean ± standard deviation. All statistical analyses were performed using StatView (SAS Institute, Cary, NC, USA), with the level of significance being set at *p* \< 0.05. For disc MRI and histological grades with needle puncture, a Wilcoxon rank-sum test was used to determine whether the puncture level (Co8-9 and Co9-10) differed from the control level (Co7-8 and Co10-11) in Group 1. For disc degeneration MRI grades and the trabecular bone morphologic data, Kruskal--Wallis tests were used to detect potential significant differences between Groups 2--5.

Results {#sec7}
=======

Assessment of disc degeneration {#sec7.1}
-------------------------------

A significant difference was observed in T2-weighted MRI images after 7 days of needle puncture and 14 days of loading (*p* \< 0.05, [Figure 2](#fig2){ref-type="fig"}). The histological scores were significantly lower for the needle puncture discs than for the control discs (*p* \< 0.05, [Figure 3](#fig3){ref-type="fig"}A). Histological results revealed nucleus dehydration with more fibrosis and annular disorganisation after needle puncture ([Figure 4](#fig4){ref-type="fig"}A--F).Figure 2Magnetic resonance imaging was performed on rat tail 7 days after needle puncture on Group 1 and 14 days after loading on Groups 2--5. Needle-punctured discs exhibited an inhomogeneous structure with a loss of T2 hyperintensity in MRI on Group 1. After 14 days of loading, T2 hyperintensity was lost more severely on Group 5.MRI = magnetic resonance imaging.Figure 2Figure 3(A) The needle-punctured discs showed significantly higher degenerative scores according to Pfirrmann MRI classification, and the histological scores were significantly lower than those of the control discs defined by Norcross, \**p* \< 0.05; (B) After 14 days of loading, the needle-punctured discs on Group 5 showed significantly higher degenerative scores, \*^,+^*p* \< 0.05.MRI = magnetic resonance imaging.Figure 3Figure 4(A) Representative hematoxylin/eosin, (B) safranin O/Fast green (C) and Mallory staining images of a needle-punctured disc; (D--F) the same staining images of a control disc (original magnification ×25).Figure 4

Measurement of trabecular morphology {#sec7.2}
------------------------------------

The disc degeneration induced in Group 5 resulted in a significant increase in BV/TV, Tb.N and Tb.Th accompanied by a decrease of Tb.Sp when compared with Group 4 (*p* \< 0.05, [Figure 5](#fig5){ref-type="fig"}). The trabecular morphology improved significantly in the concave region of Group 5, whereas the convex region was of significantly worse trabecular bone morphology (*p* \< 0.05, [Figure 6](#fig6){ref-type="fig"}). The difference in trabecular morphologic parameters between the convex and concave regions increased significantly after disc degeneration (*p* \< 0.05, [Figure 7](#fig7){ref-type="fig"}, [Figure 8](#fig8){ref-type="fig"}).Figure 5Trabecular parameters in Group 5 increased in BV/TV, Tb.N and Tb.Th accompanied by a decrease of Tb.Sp when compared with Group 4.BV/TV = bone volume fraction; Tb.N = trabecular number; Tb.Sp = trabecular separation; Tb.Th = trabecular thickness.Figure 5Figure 6Trabecular parameters in the concave region of Group 5 improved significantly, whereas those of the convex region were significantly worse except Tb.Sp.BV/TV = bone volume fraction; Tb.N = trabecular number; Tb.Sp = trabecular separation; Tb.Th = trabecular thickness.Figure 6Figure 7The difference in trabecular morphology parameters of Group 5 between the convex and concave regions increased significantly.BV/TV = bone volume fraction; Tb.N = trabecular number; Tb.Sp = trabecular separation; Tb.Th = trabecular thickness.Figure 7Figure 8(A--D) Top view and (E--H) isometric view of the ninth coccygeal vertebral trabecular morphology from the centre of the vertebral body with diameter of 2.2 mm. The trabecular morphologic parameters improved significantly in the concave region, whereas those in the convex region were significantly worse after disc degeneration.Figure 8

Discussion {#sec8}
==========

We have developed an *in vivo* rat tail model in which the relationship between disc degeneration and regional trabecular morphologic changes can be illustrated. In this study, our most notable findings were that disc degeneration promoted regional inhomogeneity in the vertebral trabecular morphology (See [Table 1](#tbl1){ref-type="table"}, [Table 2](#tbl2){ref-type="table"}).Table 1Trabecular morphologic parameters in the global region of the vertebral body in Groups 2--5.Table 1ParametersGroup 2Group 3Group 4Group 5χ^2^*P*BV/TV (%)12.48 ± 2.1013.10 ± 2.0824.46 ± 2.5429.04 ± 7.4029.66\<0.001Tb.N (1/mm)1.13 ± 0.161.15 ± 0.132.15 ± 0.402.46 ± 0.1530.60\<0.001Tb.Th (mm)0.11 ± 0.010.11 ± 0.010.13 ± 0.020.14 ± 0.0321.99\<0.001Tb.Sp (mm)0.37 ± 0.040.35 ± 0.030.27 ± 0.020.24 ± 0.0232.42\<0.001[^2]Table 2Trabecular morphologic parameters in the concave and convex regions of the vertebral body in Groups 2--5.Table 2ParametersRegionGroup 2Group 3Group 4Group 5χ^2^*P*BV/TV (%)Concave12.98 ± 0.8514.32 ± 1.9028.36 ± 2.6536.21 ± 4.5333.01\<0.001Convex12.48 ± 2.1012.30 ± 1.1222.26 ± 1.9918.71 ± 2.7830.48\<0.001Concave-convex2.02 ± 1.186.10 ± 2.1317.50 ± 5.9325.32\<0.001Tb.N (1/mm)Concave1.14 ± 0.131.41 ± 0.142.38 ± 0.332.87 ± 0.1434.81\<0.001Convex1.09 ± 0.141.09 ± 0.052.07 ± 0.311.68 ± 0.3429.45\<0.001Concave-convex0.32 ± 0.160.31 ± 0.171.19 ± 0.4019.42\<0.001Tb.Th (mm)Concave0.11 ± 0.010.12 ± 0.010.15 ± 0.010.18 ± 0.0131.30\<0.001Convex0.11 ± 0.010.10 ± 0.020.13 ± 0.010.11 ± 0.0119.27\<0.001Concave-convex0.01 ± 0.010.02 ± 0.010.07 ± 0.0219.44\<0.001Tb.Sp (mm)Concave0.37 ± 0.030.33 ± 0.020.26 ± 0.020.22 ± 0.0135.60\<0.001Convex0.37 ± 0.040.34 ± 0.020.30 ± 0.020.32 ± 0.0322.38\<0.001Concave-convex−0.01 ± 0.03−0.04 ± 0.02−0.12 ± 0.0321.08\<0.001[^3]

Rat tail disc has been validated as a suitable model of the human disc regarding geometry and axial mechanics [@bib18], [@bib19], [@bib20]. Stab injury has been reported to create rapid histological changes in rat tail discs [@bib21], [@bib22], [@bib23]. Nuclear size decrease and annular layer disorganisation are consistent with human degenerative discs [@bib24], [@bib25], [@bib26]. We observed morphologic changes in rat tail discs 7 days after needle puncture. With MRI, needle puncture--induced discs exhibited an inhomogeneous structure with a loss of intranuclear T2 hyperintensity. Histological sections indicated nuclear depressurisation, annulus layer disorganisation, inner annulus inward bulging and radial annular tears. These degenerative changes are similar to those described for human disc degeneration [@bib24], [@bib27]. The human intervertebral disc is always under complex load [@bib28]. This load arises partly from the body weight and partly from the muscle and the ligament tensions [@bib29]. After disc degeneration, the rat tails were bent at 40° and loaded with 4.5 N to simulate the human lumbar intervertebral disc angle and loading [@bib30], [@bib31]. As the posterior region is the path through which some axial stress is transferred to the neural arches, this region receive more stress than the anterior region, resulting in a better bone structure posteriorly [@bib32], [@bib33]. We observed that the concave region of the coccygeal vertebrae was of significantly better trabecular bone morphology than the convex region after bending and compression. These findings suggest that this model can be used to better understand the relationship between disc degeneration and vertebral trabecular morphologic changes.

Human vertebral trabeculae are not morphologically homogeneous. Banse et al [@bib34] reported that BV/TV in the posterior region of lumbar vertebral body was 20% higher than in the anterior one. Hulme et al [@bib32] found that the inferoposterior region had the highest BV/TV in the vertebral body. Vertebral trabecular architecture has been shown to be closely related to age and to the state of intervertebral discs [@bib1], [@bib4], [@bib35], [@bib36]. A significant age-related decrease in trabecular quality has been reported in previous studies [@bib37], [@bib38]. Age-related decrease in BV/TV and increase in Tb.N were more pronounced after the age of 70 years, with a rate of −6.4% and +4.9% per decade, respectively [@bib35]. Decreases in trabecular BV/TV with age are similar in women and men [@bib39]. However, the relationship between disc degeneration and trabecular architecture inhomogeneity is unclear. Most researchers agree that there is a negative linear relationship between disc health and trabecular structure [@bib2], [@bib7], but Wang et al [@bib10] found conflicting results. We investigated the relationship between disc degeneration and regional trabecular morphologic changes using an animal model. A positive relationship was found in the vertebral concave region, but a negative relationship was found in the convex region. The concave trabecular morphology in the disc degeneration group showed an increase in BV/TV, Tb.N and Tb.Th accompanied by a decrease in Tb.Sp, but the trabecular bone morphologic parameters in the convex region decreased significantly. With disc degeneration, the hydrostatic nucleus becomes smaller and decompressed, and more of the compressive load-bearing is supported by the concave annulus [@bib40]. Trabecular bone adjacent to the vertebral endplates could then adapt to the altered force distribution. Consequently, the heterogeneity in trabecular morphology between the convex and concave regions increased significantly.

Understanding the relationships between disc degeneration and trabecular regional changes in the vertebral body may help to elucidate the mechanisms by which disc degeneration contributes to vertebral fracture. Previous *in vitro* studies have demonstrated that taking into account the trabecular architecture improves the prediction of vertebral strength [@bib41]. Indeed, BV/TV in combination with microarchitecture and its heterogeneity improved the prediction of vertebral mechanical behaviour up to 86% of the variability in vertebral failure load [@bib33]. Regional variations in trabecular microarchitecture are helpful to predict vertebral fragility [@bib32].

Our study demonstrated that disc degeneration leads to secondary vertebral trabecular changes caused by remodelling, which was stimulated by the changes in the biomechanical environment. Vertebral trabecular inhomogeneity is influenced not only by age but also by disc degeneration. However, this study had several limitations. First, the relationship between disc degeneration and trabecular morphologic changes was described in a static mechanical environment. The human intervertebral disc is responsible for carrying dynamic compressive loading while maintaining flexibility in different body postures. Therefore, the relationship between disc degeneration and regional trabecular morphologic changes may be more applicable to human lumbar spine in the upright posture. Second, the load applied on the human disc is mainly compressive, but it is also subjected to other types of loads such as tensile and shear stresses [@bib42]. In our model, only axial compression was applied. Third, severe disc degeneration with load-bearing by the neural arch could not be simulated. Severely degenerated discs typically lose height, causing the anterior vertebral body to be stress shielded, thus leading to bone loss [@bib7]. Despite these limitations, this model truly mimics the vertebral trabecular morphologic changes adapting to the disc degeneration in the remodelling process. In the future, the regional trabecular morphologic changes after disc degeneration need to be analysed under intermittent dynamic mechanical environment.

In conclusion, disc degeneration promotes regional inhomogeneity in the vertebral trabecular morphology. The convex region of the vertebrae has the worse trabecular bone morphology than the concave region.
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